Previous experimental studies suggest that Mycobacterium tuberculosis inhibits a number of macrophage intracellular processes associated with antigen presentation, including antigen processing, MHC class II expression, trafficking of MHC class II molecules, and peptide-MHC class II binding. In this study, we investigate why multiple mechanisms have been observed. Specifically, we consider what purpose multiple mechanisms may serve, whether experimental protocols favor the detection of some mechanisms over others, and whether alternative mechanisms exist. By using a mathematical model of antigen presentation in macrophages that tracks levels of various molecules, including peptide-MHC class II complexes on the cell surface, we show that mechanisms targeting MHC class II expression are effective at inhibiting antigen presentation, but only after a delay of at least 10 h. By comparison, the effectiveness of mechanisms targeting other cellular processes is immediate, but may be attenuated under certain conditions. Therefore, targeting multiple cellular processes may represent an optimal strategy for M. tuberculosis (and other pathogens with relatively long doubling times) to maintain continuous inhibition of antigen presentation. In addition, based on a sensitivity analysis of the model, we identify other cellular processes that may be targeted by such pathogens to accomplish the same effect, representing potentially novel mechanisms.
M
acrophages play dual roles during tuberculosis (TB) infection (1) . On the one hand, they serve as the preferred host for Mycobacterium tuberculosis (Mtb), the intracellular pathogen that causes TB. On the other hand, they also help to alert the immune system to the presence of Mtb, and, if activated, can eliminate it directly. Activation depends on the presentation of antigenic peptide-MHC class II (pMHC) complexes on the macrophage surface that can bind T cell receptors (TCRs) on cognate CD4
ϩ T helper cells. pMHC-TCR binding induces CD4 ϩ T helper cells to secrete IFN-␥, which stimulates macrophages to produce molecules capable of killing Mtb such as nitric oxide (2) . This process constitutes an important arm of cell-mediated immunity and may determine infection outcome (3) .
The fact that Mtb inhibits antigen presentation in macrophages is now well established (4) . Initial studies showed that fewer macrophages infected with mycobacteria express detectable levels of antigen on their surface compared with uninfected macrophages (5, 6) . Functional assays later confirmed that infected macrophages are deficient in their ability to signal CD4 ϩ T helper cells by measuring T cell response. The magnitude of T cell response is in turn proportional to pMHC levels, assuming a lower threshold number of pMHC complexes has been exceeded (7, 8) . By using such an assay, Gercken et al. (9) found that monocytes cocultured with Mtb for 6 days exhibit a 3-to 10-fold reduction in their ability to stimulate T cell proliferation compared with uninfected controls (9) . Furthermore, higher numbers of Mtb bacilli, e.g., with a multiplicity of infection (moi) of 50 versus a moi of 10, correlated with lower T cell response levels. Subsequent studies provided further evidence that an inverse relationship exists between Mtb infectious dose and T cell response (10, 11) .
After it was established that Mtb inhibits antigen presentation in macrophages, several intracellular mechanisms were proposed (reviewed in ref. 12 ). Moreno et al. (13) observed that macrophages cocultured with the Mtb cell wall component lipoarabinomannan fail to present antigen from whole inactivated virus, although presentation of synthesized epitope is unimpaired (13) . This observation led to the hypothesis that Mtb inhibits antigen presentation at the stage of antigen processing, a hypothesis also made by Noss et al. (10) . Later, based on the observation that Mtb-infected monocytes do not produce stable pMHC complexes and do not localize labeled MHC class II molecules and antigens to the same intracellular compartment, Hmama et al. (14) proposed that Mtb affects MHC class II at a posttranslational stage such as maturation (delivery to the MIIC endosome or invariant chain processing) or peptide loading (14) . Finally, based on the observation that infected macrophages express lower levels of MHC class II mRNA than uninfected macrophages, Noss et al. (10) proposed that Mtb inhibits MHC class II mRNA synthesis.
The goal of the present study is to investigate why multiple mechanisms have been proposed to explain how Mtb inhibits antigen presentation. In particular, we address three issues by using a mathematical model: (i) what purpose multiple mechanisms may serve, (ii) whether experimental protocols may have favored the detection of some mechanisms over others, and (iii) whether alternative mechanisms exist that may be used to guide future experiments. Our immediate motivation stems from conflicting data in the literature regarding these mechanisms. Specifically, we refer to the observations by Hmama et al. (14) that MHC class II mRNA levels were unchanged in infected cells, and by Noss et al. (10) that MHC class II mRNA levels decreased in infected cells. Because the two studies differed with respect to experimental conditions (e.g., macrophage cell type, Mtb strain, and degree of IFN-␥-induced activation), it is unclear whether the conclusions hold in general. We seek to help clarify these observations with our model.
Methods
Model Overview. Our mathematical model comprises a set of ordinary differential equations representing the major intracellular processes that contribute to antigen presentation within the context of a single macrophage (Fig. 1) . These processes relate to MHC class II expression (at both mRNA and protein levels), antigen processing, and peptide-MHC binding and trafficking, and include the processes hypothesized to be targeted by Mtb. Our model also accounts for the effects of IFN-␥, which is typically added to cultured macrophages during studies on antigen presentation (10, 14) .
To represent these processes, we use ordinary differential equations that allow large numbers of molecules to be tracked. For each molecular species, we derive an equation for the rate of change by using the law of mass action and estimate parameter values by using published experimental data. In total, our model uses 16 equations and 30 parameters to simulate antigen presentation within the context of a single macrophage. Equations and parameter values, as well as details of how equations were derived and parameter values estimated, can be found in Supporting Text, which is published as supporting information on the PNAS web site.
Simulations Using the Mathematical Model. The baseline model comprises Eqs. 1-16, the parameters in Table 3 , which is published as supporting information on the PNAS web site, and the initial conditions in Supporting Text and 
Representation of the Inhibitory Effects of Mtb on Intracellular
Processes. To represent the inhibitory effect that Mtb is hypothesized to have on an intracellular process, we decrease the corresponding parameter in the model by a factor proportional to experimental infectious dose. We assume that the number of Mtb bacilli does not change significantly on the time scales of the protocols being simulated based on the observation that the doubling time of Mtb is on the order of days (15) . We also assume that the inhibitory effect exerted by Mtb on any given intracellular process saturates at high levels of bacilli. Therefore, we represent the inhibitory effect as a multiplicative factor having a value between 0 and 1 (corresponding to complete inhibition and no inhibition, respectively) that approaches 0 as the number of bacilli increases. Further details are provided in Supporting Text.
Sensitivity Analysis. The goal of sensitivity analysis is to correlate variances in parameter values to variances in model output and is useful when parameter values are not known with certainty. Sampling-based sensitivity analysis entails specifying a distribution for each parameter from which values are selected at random and used in model simulations (16) . In particular, we use Latin hypercube sampling that allows several parameters to be analyzed simultaneously in a computationally efficient manner. To quantify the correlation of model output with each parameter, we calculate a partial rank correlation coefficient (PRCC) value. PRCC values vary between Ϫ1 and 1, corresponding to perfect negative and positive correlations, respectively, and can be further differentiated based on P values derived from Student's t tests. We use the algorithm of Blower and Dowlatabadi (17) implemented in both MATHEMATICA and our own differential equation solver. In general, we specify a uniform distribution for each parameter with a range of 10% and 190% of the baseline value, allowing us to examine the effects of both decreases and increases in each parameter.
Results
Baseline Characteristics. In the absence of IFN-␥ and antigen, conditions that we used as a negative control, seven molecular species in the model were present in non-zero quantities: free IFN-␥ receptors, MHC class II mRNA, free intracellular and surface MHC class II molecules, self-peptides, and intracellular and surface self-peptide-MHC class II complexes. These results are consistent with the finding that cultured macrophages constitutively express several molecules relevant to antigen presentation at basal levels, including IFN-␥ receptors and MHC class II molecules (18, 19) .
Dynamics of IFN-␥ Response.
As one positive control, we simulated the addition of IFN-␥ to macrophages and compared dynamics of the response to experimental observations. In response to IFN-␥ treatment, CIITA mRNA levels in the model increased immediately and reached a maximum Ϸ14 h later, whereas MHC class II mRNA levels increased more gradually and continued to increase for the first 24 h ( Fig. 2A) . Pai et al. (20) measured levels of CIITA and MHC class II mRNAs 6, 12, and 24 h after adding IFN-␥ and observed highest levels at the 12-and 24-h time points, respectively, in agreement with our model (Fig. 2B ). We also compared the coupled dynamics of MHC class II mRNA and protein expression from our model with experimental data. In our simulations, highest MHC class II mRNA and protein levels were attained Ϸ45 and 60 h after IFN-␥ treatment, respectively (Fig. 2C ). In comparison, highest MHC class II mRNA and protein levels were observed experimentally 48 and 72 h after IFN-␥ treatment, respectively ( Fig.  2D and ref. 21 ). Although MHC class II protein expression reaches its highest levels in the model in less time than observed experimentally, this apparent difference may be attributable to the sparseness of experimental time points.
Dynamics of Antigen Presentation. In the presence of exogenous antigen, the number of surface pMHC complexes in our model rapidly increases, reaches a maximum Ϸ3 h later, and then decreases over the course of several hours (Fig. 2E ). Antigen presentation by macrophages not pretreated with IFN-␥ has been found to exhibit similar dynamics experimentally ( Fig. 2F and refs. 22 and 23). In such cases, antigen presentation can be detected by T cell hybridoma assay minutes after the addition of antigen (22, 23) . These macrophages elicit maximal responses after 1-4 h and remain capable of eliciting responses at the same or slightly decreased levels for several more hours (22, 23) . Another feature of our model is dose dependence between exogenous antigen concentration and maximum number of resultant surface pMHC complexes (data not shown), which has also been observed experimentally with T cell responses (8, 24) .
Increases in Antigen Presentation Due to IFN-␥ Pretreatment.
Experimental studies on antigen presentation by macrophages typically use both IFN-␥ and exogenous antigen. Timing of IFN-␥ treatment may be important, because studies in which IFN-␥ is added before antigen show that pretreated macrophages are capable of eliciting T cell responses at levels severalfold higher than untreated macrophages (25) . We simulated the addition of IFN-␥ 16 h before exogenous antigen and observed a 2-fold increase in surface pMHC levels compared with untreated levels (Fig. 2G ). This result is consistent with T cell proliferation data from Delvig et al. (ref. 25 and Fig. 2H) . In subsequent simulations, we avoided the issue of pretreatment timing by using the simultaneous addition of IFN-␥ and antigen unless stated otherwise.
Simulations of Mtb and Its Hypothesized Mechanisms. After testing the model under the preceding conditions, we used the model to simulate the inhibition of various intracellular processes targeted by Mtb. These processes included: antigen processing (13), MHC class II protein maturation (14) , MHC class II peptide loading (14) , and MHC class II mRNA synthesis, which we consider MHC class II transcription (10); we designate these hypotheses as H 1 , H 2 , H 3 , and H 4 , respectively. We then simulated the simultaneous addition of IFN-␥ and antigen and recorded surface pMHC levels at time points spanning four orders of magnitude (0.1, 1.0, 10, and 100 h). These results were compared with results from the baseline model in which no processes were inhibited.
In general, inhibiting any particular intracellular process had either immediate or delayed effects on antigen presentation (Table  1 ). When antigen processing (H 1 ) or MHC class II peptide loading (H 3 ) was inhibited, surface pMHC levels were immediately affected, as indicated at the earliest time point, 0.1 h. The deviation from baseline levels was reduced at intermediate 1-and 10-h time points and then increased by the final 100-h time point. In contrast, inhibition of MHC class II maturation (H 2 ) or MHC class II transcription (H 4 ) resulted in negligible reductions in surface pMHC levels at the 0.1-h time point. However, these levels increasingly deviated from baseline levels at 1-, 10-, and 100-h time points. Both H 2 and H 4 targeted MHC class II expression and required a delay of at least 10 h to have substantial effects (Ͼ25% change in surface pMHC levels). We also simulated the inhibition of pairs of intracellular processes to determine the effect multiple mechanisms may have on antigen presentation when acting together (compare H 1 plus H 4 and H 2 plus H 3 in Table 1 ). Inhibitory mechanisms were synergistic and decreased antigen presentation levels to a greater extent in pairs than singly. In these simulations, each intracellular process was inhibited to the same degree. In a separate set of simulations, we used various degrees of inhibition, further differentiating mechanisms targeting MHC class II expression from other mechanisms ( Fig. 5 and Supporting Text, which are published as supporting information on the PNAS web site).
Simulations of Previous Experimental Protocols.
To determine whether previous experimental protocols may have favored the detection of some mechanisms over others and whether any of the four previously hypothesized mechanisms could account for all of the observed changes in macrophages infected with Mtb, we simulated two different experimental protocols under each hypothesized mechanism (10, 14) . These protocols differed in several ways that could be accounted for in our model, including duration for which cells were exposed to IFN-␥ and Mtb, and concentration of IFN-␥ and number of Mtb bacilli used (Fig. 3 A and B) . These protocols also differed with respect to the macrophage cell line and Mtb strain used, but these factors fell outside the scope of our model and were not considered.
In our simulations of the experimental protocol of Hmama et al. (14) , we found that only an inhibition of H 2 was consistent with all (21) . (E and F) Simulation results for surface pMHC levels (in arbitrary units) and experimental data for T cell response in non-IFN-␥-treated macrophages exposed to antigen from Buus and Werdelin (22) . (G and H) Simulation results for surface pMHC levels (in arbitrary units) and experimental data for T cell response in non-IFN-␥-treated macrophages (solid lines) and IFN-␥-treated macrophages (dashed lines) exposed to antigen from Delvig et al. (25) . Pretreatment (16 h) with medium or IFN-␥ is not shown; hence, the x axis is enumerated from 16 h onward (i.e., when antigen is present). Identical experimental conditions were used in each simulation, and comparisons were made to the baseline model, i.e. when no processes were inhibited.
of their observations. In the absence of Mtb, the levels of several molecules rose over baseline levels during the course of this protocol, including CIITA mRNA, MHC class II mRNA, and MHC class II protein (Fig. 3 C-E) . Only H 2 and another hypothesized mechanism, H 4 , led to reductions in surface MHC class II expression of the same magnitude as those observed by Hmama et al. (ref. 14; 42% and 86%, using heat-killed and live Mtb bacilli, respectively, and Fig. 3E) . However, H 4 also led to a significant reduction in MHC class II mRNA levels that was not observed by Hmama et al. (14) and could therefore be ruled out as a possible mechanism (Fig. 3D) .
When we simulated the experimental protocol of Noss et al. (10), we found that only H 4 was capable of producing substantial changes in the levels of all three molecules they monitored. In our simulations, this mechanism reduced levels of MHC class II mRNA, total MHC class II protein, and surface pMHC by 54%, 31%, and 31%, respectively (Fig. 3 F-H) . Another mechanism, inhibition of H 2 , reduced levels of these molecules by 0%, 55%, and 55%, respectively (Fig. 3 F-H) . In comparison, Noss et al. (10) measured reductions of 80%, 30%, and between 40% and 80%, respectively, which is consistent with H 2 but not H 4 . Interestingly, in our simulations of this protocol neither H 1 nor inhibition of H 3 had any significant effect on surface pMHC levels (Fig. 3H ). (14) , assays for other processes represented in our model have either not been developed or not been applied to this context. To determine what effect changes in these processes might have on antigen presentation, we varied all of the corresponding rates, rate constants, and scaling factors and experimental conditions in the model over a defined range and tracked surface pMHC levels over time. We then calculated the correlation between these levels and specific parameter values at 1-, 10-, and 100-h time points.
Sensitivity to Changes in Other Intracellular Processes. Whereas many intermediates of the antigen presentation pathway have been monitored in macrophages after Mtb infection in vitro
We found that surface pMHC levels correlated significantly with a number of different intracellular processes, including several not previously considered (Table 2 ). In particular, at times of Ͻ10 h after exposure to IFN-␥ and antigen, surface pMHC levels correlated positively with rate constants for antigen uptake by pinocytosis and MHC class II trafficking to the cell surface and with the concentration of exogenous antigen. When the concentration of exogenous antigen was sufficiently low, other processes correlated One thousand simulation runs were performed using different sampled parameter values. PRCC values determined to be significant (P Յ 10 Ϫ30 ) are shown in parentheses. Intracellular processes considered in previous hypotheses (H 1-H4) are italicized. *MHC class II translation. † CIITA transcription. strongly with surface pMHC levels on this time scale, including delivery of antigen to lysosomes and self-peptide production (data not shown). At times of Ͼ10 h after exposure to IFN-␥ and antigen, surface pMHC levels correlated with factors affecting MHC class II expression, including CIITA transcription and translation and the concentration of IFN-␥ in the medium and MHC class II transcription and protein maturation.
Discussion
Multiple hypotheses have been offered to explain how Mtb inhibits antigen presentation in macrophages to escape immune surveillance. These hypotheses stem from different experimental protocols that appear in at least one instance to have led to conflicting results. In this study, we address why several mechanisms have been hypothesized by formulating a mathematical model of antigen presentation that accounts for different experimental conditions and can be used to simulate each mechanism.
Mtb Mechanisms Differ in Timing of Effect. We found that hypothesized Mtb mechanisms generally fall into one of two categories: those mechanisms having an immediate effect on the ability of the cell to present antigen, and those mechanisms requiring a delay of Ϸ10 h to have an effect. The first subset of mechanisms targets intracellular processes involved in the initial formation of pMHC complexes, including antigen processing and MHC class II peptide loading. In our simulations, the effectiveness of these mechanisms in inhibiting antigen presentation decreased after an intermediate length of time (at 1 and 10 h) and later increased (at 100 h). The intermediate decrease resulted from new rounds of pMHC binding resulting from prolonged exposure to IFN-␥ and increasing numbers of free MHC class II. The second subset of mechanisms targets intracellular processes necessary for the continued supply of nascent MHC class II molecules, including MHC class II transcription and protein maturation. In our simulations, the effect of these mechanisms on antigen presentation steadily increased over time as a greater proportion of surface pMHC complexes involved nascent MHC class II.
These results are consistent with the intuitive notion that disruptions at different points along the antigen presentation pathway, or any multienzymatic pathway, require different lengths of time to manifest in the end product. These results are also consistent with the interpretation of the experimental data of Noss et al. (10) given by Heldwein and Fenton (26) , that substantial inhibition of MHC class II expression requires prolonged (Ͼ 18 h) incubation with Mtb. The requirement of a delay of Ͼ10 h for inhibition of MHC class II expression to affect antigen presentation was also evident in our sensitivity analysis.
The fact that these four hypothesized mechanisms appear to impair the same cellular function, antigen presentation, raises the following question: do these mechanisms serve the same purpose and act redundantly or do they serve subtly different purposes? Our results suggest that these mechanisms act on different time scales and therefore serve different purposes. As demonstrated in our simulations of pairs of mechanisms, having mechanisms that operate on both shorter and longer time scales may allow Mtb to exert continuous inhibition on antigen presentation despite external sources of IFN-␥. In contrast, having only a single mechanism or multiple mechanisms that act on the same time scale may result in an inhibitory effect that either abates with time (if MHC class II expression increases) or is delayed.
Nascent and recycling MHC class II molecules may have distinct roles in antigen-presenting cells (27) , and Mtb may have evolved mechanisms to undermine both sources of MHC class II. T cells require at least 2-4 h of stimulation to become fully activated (28) , and mechanisms acting on time scales of both minutes and hours may be physiologically relevant. A recent study by Huppa et al. (29) shows that signaling between an antigen-presenting cell and a T cell has a cumulative effect over a period of 10 h and is sensitive to disruptions that occur even several hours after initial contact (29) .
Previous Experimental Protocols Favor the Detection of Mtb Mecha-
nisms Targeting MHC Class II Expression. Our simulations of previous experimental protocols suggest that Mtb mechanisms targeting MHC class II expression may have been responsible for most of the changes observed in levels of various molecules. Specifically, in simulations of the protocols of Hmama et al. (14) and Noss et al. (10) , only mechanisms targeting processes associated with MHC class II expression were found to produce changes of the same magnitude as those observed experimentally. Although no single mechanism was found to account for all of the observations, these results do support the individual conclusions of Hmama et al. (14) and Noss et al. (10) , who implicated inhibition of MHC class II protein maturation and MHC class II mRNA synthesis, respectively.
Why did one group observe a decrease in MHC class II mRNA levels but not the other (10, 14) ? Noss et al. (10) attribute this discrepancy to differences in macrophage cell lines, macrophage activation, and infection lengths and methods. Our model accounts for some of these factors, including one aspect of macrophage activation (IFN-␥-stimulated MHC class II expression) and one consequence of infection length (inhibition of particular intracellular processes), in addition to experimental differences in duration of IFN-␥ stimulation and amount of IFN-␥ used. In our model, none of these factors accounted for the observed discrepancy in MHC class II mRNA levels.
Hmama et al. (14) and Noss et al. (10) also hypothesized that Mtb inhibits either MHC class II peptide loading or antigen processing. Our simulations show that neither of these mechanisms could have accounted for the observed changes in levels of molecules, given the experimental protocols that were used. On the time scales of both protocols, MHC class II expression is expected to be the limiting factor on antigen presentation as suggested by the half-life of MHC class II and our sensitivity analysis. Indeed, in the protocol used by Noss et al. (10) , we predict that the high level of MHC class II expression masks whatever reductions in antigen presentation may result from an inhibition of antigen processing or MHC class II peptide loading.
Because these experimental protocols may have favored the detection of mechanisms targeting MHC class II expression, the actual contribution of mechanisms targeting other processes to the overall ability of Mtb to inhibit antigen presentation may not have been accurately assessed. Without experimental evidence to the contrary, the possibility even exists that mechanisms targeting antigen processing and MHC class II peptide loading are incidental to Mtb infection and do not significantly affect the ability of macrophages to present antigen in the presence of IFN-␥. While an experiment using an Mtb mutant specifically unable to inhibit either intracellular process would quickly answer this question, such a mutant is not yet available, to our knowledge.
Therefore, we propose an alternative experimental protocol to determine whether mechanisms targeting intracellular processes besides MHC class II expression actually contribute to the ability of Mtb to inhibit antigen presentation (Fig. 4A) . In this protocol, macrophages are infected with Mtb in vitro and treated with IFN-␥ for various durations before assaying for antigen presentation using model antigen and T cell hybridoma. If mechanisms targeting MHC class II expression are the only means by which Mtb inhibits antigen presentation, the difference in the levels of T cell response (e.g., IL-2 production) elicited by uninfected and infected macrophages should increase as the duration of IFN-␥ stimulation increases (Fig.  4B) . On the other hand, if mechanisms targeting other intracellular processes play a significant role in the inhibition of antigen presentation, the difference in T cell response should be apparent even with short durations of IFN-␥ stimulation and remain relatively constant as the duration of IFN-␥ stimulation increases.
Additional Mechanisms May Target Other Intracellular Processes
Strongly Influencing Antigen Presentation. As part of our analysis, we also identified all of the parameters in our model that strongly correlate with the number of pMHC complexes on the macrophage surface. These parameters represent intracellular processes likely to affect antigen presentation if perturbed and may serve as attractive targets to pathogens that evade immune surveillance such as Mtb. Other processes related to MHC class II expression, besides those already considered by previous hypotheses, strongly correlated with surface pMHC levels at long time scales. Recent evidence indicates that one of these processes, CIITA transcription, may be targeted by Mtb (30, 31) . It would be interesting to test experimentally whether Mtb also affects any other candidate process such as IFN-␥ receptor-ligand binding.
We found that several intracellular processes also negatively correlated with antigen presentation. In contrast to positively correlated processes such as those in Table 1 , these processes are expected to inhibit antigen presentation if up-regulated rather than down-regulated. In the presence of low levels of exogenous antigen, one such process is the delivery of antigens (both self and exogenous) and derived peptides to MHC class II-inaccessible lysosomes. Conceivably, an intracellular pathogen such as Mtb could decrease the availability of its own antigens by increasing the rate at which this process occurs, although benefit to the pathogen may be somewhat offset by a concurrent decrease in competing selfantigens (32, 33) . Nevertheless, the possibility that some pathogens up-regulate delivery to lysosomes cannot be ruled out because the rate of this process and the concentration of self-peptide have not been carefully measured.
Most of the experimental data on which we base our model originate from studies by using murine cell lines. Therefore, the dynamics of human macrophages infected with Mtb may differ somewhat from those observed in our simulations. However, based on our sensitivity analysis, we believe that our results are robust and can be generalized to the human host. 
